The fabrication of advanced devices increasingly requires materials with different properties to be combined in the form of monolithic heterostructures. In practice this means growing epitaxial semiconductor layers on substrates often greatly differing in lattice parameters and thermal expansion coefficients. With increasing layer thickness the relaxation of misfit and thermal strains may cause dislocations, substrate bowing and even layer cracking. Minimizing these drawbacks is therefore essential for heterostructures based on thick layers to be of any use for device fabrication. Here we prove by scanning X-ray nanodiffraction that mismatched Ge crystals epitaxially grown on deeply patterned Si substrates evolve into perfect structures away from the heavily dislocated interface. We show that relaxing thermal and misfit strains result just in lattice bending and tiny crystal tilts. We may thus expect a new concept in which continuous layers are replaced by quasi-continuous crystal arrays to lead to dramatically improved physical properties. E pitaxial heterostructures and nanostructures have become of immense interest in past decades because of their unique mechanical, electrical and optical properties. Traditionally, destructive techniques based on transmission electron microscopy (TEM) have been the methods of choice to analyse their crystal perfection, composition and strain [1] [2] [3] . With the advent of nanofocused X-ray beams 4-10 and advanced X-ray diffraction (XRD) imaging techniques [11] [12] [13] [14] [15] [16] available at third-generation synchrotrons it has become possible to address individual crystals down to the nanoscale non-destructively. The role of strain induced by lattice misfit in determining the properties of epitaxial heterostructures and nanostructures can hardly be overemphasized. Its effects on the structural, optical and transport properties have been studied for decades [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Here we show by scanning X-ray nanodiffraction how misfit and thermal strain of a highly mismatched layersubstrate system may evolve when the substrate is deeply patterned at a micron scale. We show that space-filling arrays of highly perfect single crystals can grow from heavily dislocated interfaces, provided that epitaxial growth conditions and substrate patterns are carefully matched as described in detail elsewhere 27 . As a prototypical case we take germanium epitaxially grown onto tall pillars a few microns in width, obtained by etching Si (001) substrates to much larger depths. For this system, the lattice mismatch between Si and Ge amounts to 4.2% 28 , while the difference of thermal expansion coefficients is 130% at 300 K 29 . The Report is separated into three parts. First, we demonstrate how elastic relaxation of the thermal strain leads to diminishing lattice bending as the crystals gain in height. Second, we evaluate the net tilts of individual crystals emerging during the plastic relaxation of the misfit strain. Finally, by mapping the crystal quality on a nanometre scale, we provide evidence for perfect epitaxial single crystal growth from a heavily disordered interface.
The fabrication of advanced devices increasingly requires materials with different properties to be combined in the form of monolithic heterostructures. In practice this means growing epitaxial semiconductor layers on substrates often greatly differing in lattice parameters and thermal expansion coefficients. With increasing layer thickness the relaxation of misfit and thermal strains may cause dislocations, substrate bowing and even layer cracking. Minimizing these drawbacks is therefore essential for heterostructures based on thick layers to be of any use for device fabrication. Here we prove by scanning X-ray nanodiffraction that mismatched Ge crystals epitaxially grown on deeply patterned Si substrates evolve into perfect structures away from the heavily dislocated interface. We show that relaxing thermal and misfit strains result just in lattice bending and tiny crystal tilts. We may thus expect a new concept in which continuous layers are replaced by quasi-continuous crystal arrays to lead to dramatically improved physical properties. E pitaxial heterostructures and nanostructures have become of immense interest in past decades because of their unique mechanical, electrical and optical properties. Traditionally, destructive techniques based on transmission electron microscopy (TEM) have been the methods of choice to analyse their crystal perfection, composition and strain [1] [2] [3] . With the advent of nanofocused X-ray beams [4] [5] [6] [7] [8] [9] [10] and advanced X-ray diffraction (XRD) imaging techniques [11] [12] [13] [14] [15] [16] available at third-generation synchrotrons it has become possible to address individual crystals down to the nanoscale non-destructively. The role of strain induced by lattice misfit in determining the properties of epitaxial heterostructures and nanostructures can hardly be overemphasized. Its effects on the structural, optical and transport properties have been studied for decades [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
Here we show by scanning X-ray nanodiffraction how misfit and thermal strain of a highly mismatched layersubstrate system may evolve when the substrate is deeply patterned at a micron scale. We show that space-filling arrays of highly perfect single crystals can grow from heavily dislocated interfaces, provided that epitaxial growth conditions and substrate patterns are carefully matched as described in detail elsewhere 27 . As a prototypical case we take germanium epitaxially grown onto tall pillars a few microns in width, obtained by etching Si(001) substrates to much larger depths. For this system, the lattice mismatch between Si and Ge amounts to 4.2% 28 , while the difference of thermal expansion coefficients is 130% at 300 K 29 .
The Report is separated into three parts. First, we demonstrate how elastic relaxation of the thermal strain leads to diminishing lattice bending as the crystals gain in height. Second, we evaluate the net tilts of individual crystals emerging during the plastic relaxation of the misfit strain. Finally, by mapping the crystal quality on a nanometre scale, we provide evidence for perfect epitaxial single crystal growth from a heavily disordered interface.
We believe that the concept developed here may be the key to device applications heretofore simultaneously hampered by crystal defects, wafer bowing and layer cracks. Such applications may comprise X-ray detectors made from many tens of microns tall Ge crystals grown directly onto Si readout electronics; multiple-junction solar cells from III/V semiconductors stacked on a Ge bottom cell on top of a Si substrate; or power transistors, for example from cubic SiC grown on suitably patterned Si substrates.
Results
The Ge crystals forming the object of the present study were grown on deeply patterned Si(001) substrates under conditions favouring vertical over later growth (Methods, Supplementary Information S1). In the top view scanning electron microscopy (SEM) images of Fig. 1a, b and c, and the corresponding perspective views of Fig. 1d , e and f we show how such a Ge/Si heterostructure evolves with increasing deposition time. For low coverage ( Fig. 1a and d ) the separation of epitaxial Ge crystals is defined by the substrate geometry. The crystals then expand both laterally and vertically ( Fig. 1b and e) , but eventually lateral growth stops, leaving a quasi-continuous layer of Ge crystals separated by gaps which are just a few tens of nanometres wide ( Fig. 1c and f; see also Supplementary Information S1). We have previously studied such an array of closely spaced Ge crystals by laboratory high-resolution XRD measurements 27 . The information gained on strain and crystal quality was, however, obscured by averaging over thousands of crystals because of the large size of the X-ray beam, e.g. full-width-at-half-maximum (FWHM) , 1 mm (a brief summary can be found in Supplementary Information S2).
Here we shall discuss crystal quality and strain mapping at a microscopic scale as obtained by scanning X-ray nanodiffraction. A schematic of the scattering geometry is shown in Fig. 1g . The scattering plane with reciprocal space directions (Q x ,Q z ) is defined by the vectors K 0 and K s , forming the axes of the cones of incident and scattered X-ray beams, respectively. As a result of the beam focusing and the use of a two-dimensional (2D) detector, the scattered X-rays provide simultaneous information in all three directions Q x , Q y and Q z of reciprocal space (Supplementary Information S3-A). Individual Ge crystals were localized by recording the total intensity of an asymmetrical Ge(115) Bragg peak during sample translation in the (x,y) plane defined in Fig. 1g (Supplementary Information S3-B). The resulting intensity patterns are shown in the insets of Fig. 1a , b and c. They indicate that with increasing height, and therefore smaller gaps, the Ge crystals become more and more difficult to resolve.
Lattice bending close to the interface. Let us first focus on the elastic relaxation of the strain induced by the mismatch of thermal expansion parameters. As we shall see, it manifests itself most clearly for the thinnest sample with 1.2-mm-tall crystals of Fig. 1a  and d . Figure 2a-d shows for such a sample the three-dimensional (3D) reciprocal space maps (RSMs) measured in the vicinity of the Si and Ge (115) reflections, projected onto the (Q x ,Q y ) plane parallel to the interface (see also Fig. 1g ). For the Si(115) reflection, the peak positions are the same in all four panels. For the Ge(115) reflection on the other hand, the observed intensity maxima may be seen to correlate with the positions at which the X-ray beam hits the sample (see also Supplementary Movies 1 and 2). Indeed, the insets in the lower left corners, marking the beam positions, indicate one, two or four intensity maxima, when the beam is centred in the middle of a crystal (Fig. 2a) , in the trench between two crystals (Fig. 2b and c) or at the trench crossing between four crystals (Fig. 2d) , respectively. At first sight, it might appear reasonable to expect as many maxima as there are crystals simultaneously illuminated by the beam. In reality the situation must be more subtle, however, since equivalent Bragg planes on neighbouring crystals should give rise to a single peak if they were oriented exactly alike. To trace the origin of the multiple intensity maxima we recorded their shift in the reciprocal (Q x ,Q y ) plane while moving the beam along the real space y-axis in steps of 200 nm. This was repeated for various x-positions in steps of 400 nm. The data analysis revealed that the observed peak shift is due to concave bending of the Ge(001) lattice planes with a radius of curvature given by
21 , where j is any direction in the (x,y) plane (Supplementary Information S3-C). Averaged over four crystals R amounts to 770 6 20 mm for the sample of Fig. 1a and d, corresponding to a tilt of the lattice planes towards the sidewalls of the crystals by , 6 0.1u. The lattice bending explains why more than one Ge crystal can contribute to an RSM. This is illustrated in Fig. 2e where close to a trench the (001) lattice planes of adjacent crystals can be seen to be tilted in opposite directions because of the bending. The same must be true of course for the {115} planes. For an X-ray beam incident close to such a trench the Bragg condition will be satisfied for two different values of the Q x component of the scattering vector, stemming from Bragg planes on both sides of the trench. A comparison with the lattice distortion calculated by 3D finite element method (FEM) reveals that the observed lattice bending can be explained by the elastic relaxation of the tensile strain developing in the Ge crystals during sample cooling after growth, because the thermal expansion coefficient of Ge exceeds that of the Si substrate (Supplementary Information S4) . The FEM simulations were carried out for Ge crystals with a realistic morphology derived from SEM cross-sections. Figure 2e shows cross-sections through two neighbouring 1.2-mm-tall Ge crystals exhibiting the experimentally determined facet structure. The average bending of lattice planes derived from our X-ray analysis is indicated by the dashed curves. The curvature is exaggerated by a factor of 200 to render the bending clearly visible. The similarly exaggerated distortion of the (001) planes calculated by 3D FEM is shown in the same figure, along with the xz component of the rotation tensor in a colour code. The calculation reveals a gradual decrease of the bending towards the top of the Ge crystal, whereas the result of our X-ray analysis necessarily provides the bending averaged over the crystal as a whole.
We have carried out similar analyses for the thicker samples of Fig. 1b-f (Supplementary Movies 3 and 4, Supplementary  Information S4) . For the 3.1-mm-tall crystals the lattice bending turns out to be much smaller. The measured radius of curvature amounts to R 5 (10 6 8) mm. According to the FEM calculations, the lattice bending is now negligible near the crystal top. This explains the smaller observed lattice bending, since now the diffraction information stems from a much larger volume. Finally, for the 7.3-mm-tall crystals of Fig. 1c and f the average bending sampled by the X-rays becomes altogether negligible.
Random net tilts induced by misfit dislocations. After having discussed the elastic distortions of the crystal lattice as a mechanism to release thermal strain, we now come to the second topic of importance, namely the consequences of plastic strain release. Our analysis of RSMs such as those of Figs. 2a-d reveals that apart from the lattice bending there exists a net tilt of each crystal as a whole (Supplementary Information S5) . In general, such tilts can be attributed to an imbalance of the number of misfit dislocations (MDs) with different Burgers vectors of mixed character at the interface 30, 31 . For crystals of small height, such as those of Fig. 1a and d , it turns out, however, that the effect of lattice bending by far outweighs the effect of the net tilt (Supplementary Information S5-A). It is only for crystals several microns in height ( Fig. 1c and f) that the net tilt clearly dominates. Unfortunately, for closely spaced crystals of this kind the inferior spatial resolution no longer allows their unambiguous localization by X-rays (see inset of Fig. 1c) . We therefore had to find another way to accurately determine the net tilt. The key was to eliminate the majority of the Ge crystals from a space-filling array without disturbing the remaining crystals. We accomplished this by first etching the samples in H 2 O 2 . This caused the trenches to widen and material covering the sidewalls of Si pillars to be removed. In a subsequent step, we removed the Ge crystals from certain areas using micromanipulators, leaving but a few isolated ones for examination by scanning X-ray nanodiffraction (Supplementary Movie 5, Supplementary Information S1). Figure 3a shows an intensity map for the Ge(115) reflection, recorded while scanning the incident beam along the length of a selected crystal. Having thus determined where the beam hits the crystal, full 3D RSMs were acquired around the Ge(115) peak at chosen positions along the height of the crystal. Comparing the peak position in each one of these RSMs with the corresponding position of the Si(115) reflection, the net tilt of the Ge crystal could be accurately determined (Supplementary Information S5-B). We have carried out this procedure for three isolated Ge crystals. The directions, along with the magnitudes of their tilts, are shown in Fig. 3b and Table 1 . Even though a statistically relevant number of Ge crystals could not be investigated, the results allow a comparison with results obtained by laboratory XRD. Now we have the final proof that the apparent mosaicity, leading to the observed peak broadening of , 0.1u along Q x 27 , is in fact caused by the random tilts of thousands of crystals sampled by the large X-ray beam.
Perfect crystals emerging from imperfect interfaces. The ability to unambiguously address individual Ge crystals by scanning X-ray nanodiffraction provides us finally with the unique possibility to measure crystal quality at a nanometre scale. For this part of the study we chose Ge crystals with inclined top facets (Supplementary Information S1), since faceting has previously been shown to remove dislocations by deflecting them towards the sidewalls 27, [32] [33] [34] . 3D RSM, along with its projections measured at the top of an 11-mmtall, faceted Ge crystal is shown in Fig. 4 . From this measurement we can appreciate the extraordinary quality of our epitaxial Ge crystals, despite their growth from a heavily dislocated interface. The apparent mosaicity, caused by individual crystal tilts, previously measured with laboratory sources, has vanished completely. As an example, we show cross-sections along Q x and Q z in Fig. 4 . They exhibit similar widths both for the Ge(115) and Si(115) reflections, which, to our knowledge has never been seen before for a relaxed, highly mismatched heterostructure. The peak widths are in fact limited by the instrumental resolution (i.e. focusing by Fresnel Zone Plate induces a divergence of , 0.08u and angular size of the detector pixel , 0.003u) that is much broader than the Darwin width. Thus, for 11 keV X-ray photons the corresponding Darwin widths of diffraction curves for Si(115) and Ge (115) We have recorded the diffracted signal along the whole height of the 11-mm-tall Ge crystal in steps of , 200 nm from the interface to the top (see Supplementary Movies 6 and 7) . The crystal was isolated by the etching and micro-manipulation procedure described above. Figure 5a shows the evolution of the peak FWHM, DQ x , taken from the (Q x ,Q y ) cut (see also Fig. 4 ) through the RSMs measured as a function of crystal height. The dashed black curve indicates an asymptotic exponential decay of DQ x from the interface towards the crystal top. It shows that at , 0.2 mm above the interface the peak width is , 0.0048 1/Å , and it drops by a factor of 1/e at a height of , 2.9 mm. The resolution-limited width is already reached at a height of , 4 mm. Three representative cross-sections, together with Gaussian fits from which the FWHMs were obtained, are shown in Fig. 5b-d . They were taken at the heights I, II and III indicated in Fig. 5a . The decrease of the peak width as we move away from the dislocated interface is a clear manifestation of decaying strain fields and of the escape of threading dislocations to the crystal sidewalls 35 .
To the best of our knowledge this is the first demonstration of a perfect strain-free single crystal evolving from a heavily disordered interface. Interestingly, the peak positions measured at the three heights in Fig. 5a do not coincide. This is in perfect agreement with our analysis of crystal bending and tilt carried out above. Figure 5a shows in fact how the net tilt of a single crystal develops. At the interface it is practically negligible, but as soon as one moves away from the interface it increases quickly and tends to a value of , 0.032u in the dislocation-free region of the crystal.
Discussion
We have used an X-ray beam, focused to a spot a few hundred nanometres in size, to study strain and perfection of three-dimensional epitaxial Ge crystals on deeply-patterned Si substrates. We have shown that in the first few microns the crystal planes are bent Table 1 | Net tilts of Ge crystals in Fig. 3b . x x and x y represent the tilts along the x-and y-direction, respectively as a result of elastic relaxation of the thermal strain which develops during cooling from the growth temperature. The strain caused by the large mismatch of the lattice parameters between Si and Ge is on the other hand released by dislocations at the Ge/Si interface, and these cause the crystals to become slightly tilted with respect to one another. Most importantly, after reaching sufficient height, the Ge crystals become indistinguishable from perfect, defect-free single crystals. In short, we have replaced defective continuous heterolayers by perfect crystals with individual tilts. We consider the example studied here as a model system for heterolayers from highly mismatched materials, unaffected by the usual problems of thermal cracks, wafer bowing and crystal defects. Moving from continuous to quasi-continuous heterolayers may therefore enable a wealth of applications, such as high-brightness light emitting diodes, power electronic devices, multiple-junction solar cells and radiation detectors, fabricated on large area silicon substrates, which heretofore have suffered from the shortcomings of the conventional approach.
Methods
Dense arrays of Ge crystals were grown by low-energy plasma-enhanced chemical vapour deposition (LEPECVD) onto micrometre-sized Si pillars micro-machined into Si(001) wafers by conventional photolithography and deep reactive ion etching (DRIE) 27, 36 . Samples with isolated Ge crystals were fabricated by etching the dense arrays in 30 wt% H 2 O 2 solution (90 seconds at 70uC) and by removing neighbouring crystals using micromanipulators inside a scanning electron microscope. Scanning X-ray nanodiffraction experiments were performed at the ID01 beamline of European Synchrotron Radiation Facility (ESRF) in Grenoble, using an X-ray beam (energy 11.07 keV) focused down to , 300 3 500 nm by means of Fresnel zone plates (FZP). For a certain reflection, e.g. symmetric (004) and asymmetric (115), and a fixed (x,y) position, the incidence angle of the X-ray beam was scanned while moving the beam across the sample. Since a two-dimensional pixel detector was used, three-dimensional reciprocal space maps could be constructed for each (x,y) position of the X-ray beam by rocking the incidence angle. For arrays of short Ge crystals lattice bending was determined by monitoring the position of the (115) diffraction peak along the Q y direction (i.e. perpendicular to the scattering plane) as a function of the y coordinate. Net tilts of tall isolated crystals were obtained by measuring the deviations of the peak position from their nominal value (i.e. 100% relaxed Ge with no tilt) in the (Q x ,Q z ) and (Q y ,Q z ) planes. FEM simulations were performed using the software COMSOL. The 3D models were constructed based on top-view and cross-section SEM images. 
